We report that Epstein-Barr virus (EBV) plays an important role in EBV-positive diffuse large B-cell lymphoma (DLBCL) lines with regard to survival and microenvironment-induced chemotaxis. We believe that these findings not only provide evidence for the impact of microenvironmental factors on EBV-carrying DLBCL cells but might also have future therapeutic implications. Correspondence: Liang Wu, Jiangsu Key Laboratory of Drug Screening, China Pharmaceutical University, Nanjing, China and Department of Microbiology, Tumour and Cell Biology, Karolinska Institutet, Stockholm, Sweden. Email: 1020132373@cpu.edu.cn Senior author: Liang Wu
Introduction
Diffuse large B-cell lymphoma (DLBCL), the most common type of malignant lymphoma, accounts for 30% of adult non-Hodgkin lymphomas representing a heterogeneous group of tumours with regard to morphology, phenotype, molecular profile, clinical course and therapeutic response. 
I M M U N O L O G Y O R I G I N A L A R T I C L E
herpesvirus 8] and genetic abnormalities, DLBCLs can be divided into subgroups. According to immunophenotyping and gene expression there are three subgroups: germinal centre (GC) derived, activated B cell (ABC) derived and others. GC DLBCLs express Bcl6 and CD10, 2 whereas ABC-derived DLBCLs express a set of genes that are upregulated in peripheral B cells in response to mitogens.
Several non-random chromosomal translocations have been reported in DLBCL, involving the Bcl6 (35-40%), Bcl2 (13%) or c-MYC (15%) gene. 3 About 45% of the cases carry somatic hypermutations affecting Bcl6, c-MYC or PAX5. 3 EBV-positive DLBCL is a newly recognized subgroup of DLBCLs according to the current World Health Organization classification. 4 It is defined as a clonal EBV carrying B-cell proliferation. EBV-positive DLBCL most commonly occurs in patients older than 50 years, in the absence of any known immunodeficiency or previous lymphoma. EBV-positive DLBCL accounts for 8-10% of the DLBCLs in Asian countries, but is less common in Western populations. 5 The clinical features of age-related EBV-positive DLBCL are significantly different from those of EBV-negative DLBCL with a less favourable prognosis. [5] [6] [7] Unlike EBV-positive Burkitt lymphomas (BLs) that only express EBV nuclear antigen 1 (EBNA1), EBV-positive DLBCLs show different patterns of EBV latent gene expression. 5, 8 EBV can be detected in both lymphoid and epithelial cell-derived malignancies. The latent gene expression observed in the EBV-carrying tumour cells varies according to the tissue of origin and the activation/differentiation stage of the malignant cells. 9 EBV-carrying BLs express only the EBNA1 protein and non-coding RNAs including EBV-encoded small RNAs (EBERs). This is designated type I latency. 10 Type II latency, characterized by the expression of EBNA1, latent membrane protein 1 (LMP1) and LMP2, is observed in classical Hodgkin lymphomas 11 and some DLBCLs. 12 EBV immortalized lymphoblastoid cell lines express six nuclear (EBNA1-6) and three membrane localized (latent membrane proteins LMP1, 2A and 2B) proteins, designated type III latency. 9 This pattern is seen in infectious mononucleosis, post-transplant lymphoproliferative disease and immunoblastic/central nervous system lymphomas in individuals with AIDS. 9 By using dominant negative EBNA1 (dnEBNA1) to eliminate EBV genomes, it was shown that the virus directly provides survival factors in BL cell lines and other EBV-carrying cell lines. 13, 14 In addition, small molecules targeting EBNA1 to eliminate EBV have been explored during the past few years. Recently, a selective inhibitor of cyclin-dependent kinases, Roscovitine, was reported to be able to eliminate EBV genomes by inhibition of EBNA1 phosphorylation. 15 In recent years it has been established that the microenvironment plays a role in the development and progression of B-cell lymphomas, for review see Scott and Gascoyne. 16 We have shown that the cytokines interleukin-4 (IL-4), IL-10 and IL-21 modulate EBV's latent gene expression. [17] [18] [19] IL-4 induces LMP1 expression in the EBV-infected sub-line of Hodgkin lymphoma-derived cell line, KMH2-EBV. 17 IL-21 was shown to impose a type II EBV gene expression profile on type III and type I BL cells by the repression of the C promoter and activation of the LMP-1 promoter. 18 Furthermore, IL-21 can induce B-lymphocyte-induced maturation protein 1 (Blimp1) expression through the activation of signal transducer and activator of transcription 3 (STAT3). 20 Recently the cytokine IL-21 was reported to induce apoptosis through up-regulation of c-MYC in DLBCLs. 21 We have shown that IL-21 stimulation of a type III DLBCL line (Farage) results in enhanced proliferation. When EBV genomes were eliminated, proliferation decreased and apoptosis increased. 22 Chemokines play an important role in cell migration, inflammation, haematopoiesis and tumour growth. 23 The CXCR4-CXCL12 signalling pathway is involved in both tumour vasculature development and in the growth and metastatic spread of CXCR4-expressing tumours.
24 CCR7 expression is associated with cancer metastases. 25 We have previously shown that EBV modulates the CXCR4 and CCR7 receptor expression and the corresponding chemokine-induced migration in primary tonsillar B cells. 26, 27 The expression pattern of EBV-encoded genes is associated with the cellular phenotype, as well as chemotactic response and apoptotic proneness. In this paper we have characterized four EBV-carrying and one EBV-negative DLBCL cell lines with regard to the expression of genes associated with GC-related DLBCL phenotypes and EBV gene expression profile. We report the effect of IL-4 or IL-21 treatment on apoptosis, chemotaxis and EBV gene expression. Further, in one EBV-positive DLBCL cell line we showed that EBV modulates the CXCR4-and CCR7-mediated migration, by eliminating EBV genomes by dnEBNA1, which interrupts the maintenance function of EBNA1 in viral genomes. 14 The role of EBV in EBV-positive DLBCL lines was further investigated using Roscovitine, another tool to inhibit EBNA1 function. Plasmid pBSN-tetOff-dnEBNA1, which encodes amino acids (aa) 379 to 386 fused in frame to aa 451 to 641 of EBNA1 was a kind gift from Dr Seiji Maruo (Department of Tumour Virology, Institute for Genetic Medicine, Hokkaido University, Sapporo, Japan).
Materials and methods

Cell lines
Establishment of stable dnEBNA1 cell line
Transfection of Farage with pBSN-tetOff-dnEBNA1 (dominant negative EBNA1 expression vector): Farage cells were transfected with the dominant negative EBNA1 expression vector,pBSN-tetOff-dnEBNA1 with the Nucleofector I device and Cell Line Nucleofector Kit V (Lonza, Basel, Switzerland). Briefly, after the PBS wash 100 ll of solution V was added to 2 9 10 6 cells. Thereafter, 2 lg of plasmid DNA was mixed with cells and solution V. The mixture was transferred to the specific cuvette and electroporated with the programme M13. After electroporation the mixture was transferred to pre-warmed RPMI-1640 medium with FCS but without antibiotics. Two days later the cells were cloned at 10 000 cells per well in 96-well plates in complete RPMI-1640 medium supplemented with 700 lg/ml G418 and 1 lg/ml doxycycline. The emerging clones were expanded and studied.
Cytokines
The recombinant human IL-4 and IL-21 were purchased from Peprotech (Rocky Hill, NJ, United States). Cells were cultured at 0.5 9 10 6 cells per 3 ml of complete RPMI-1640 medium and treated with 100 ng/ml IL-21 or 50 ng/ml IL-4. For long-term treatments cells were replated every third day with 0.5 9 10 6 cells per 3 ml with fresh IL-21 (100 ng/ml) or IL-4 (50 ng/ml).
Flow cytometry
Incubation of 1 910
6 cells with saturating amounts of the following monoclonal antibodies was performed for 30 min, at + 4°: phycoerythrin-conjugated anti-CXCR4 (BD Pharmingen, San Diego, CA), anti-CCR7 (FAB197F), isotype-matched controls, mouse IgG2A (IC003F) and mouse 2B (IC0041P) (R&D Systems, Minneapolis, MN). After washing, the cells were fixed in 1% formaldehyde in PBS and analysed in a FACScan using CELLQUEST software (Becton Dickinson, Stockholm, Sweden).
SDS-PAGE and immunoblotting
Total cell lysates were prepared in loading buffer [60% glycerol, 50 mM Tris-HCl (pH 6.5), 2% SDS, 0.1% bromophenol blue, 0.02% 2-mercaptoethanol] and then denatured by boiling for 10 min. Aliquots of total cell lysates corresponding to 1 9 10 5 to 2.5 9 10 5 cells (depending on the protein in question) were loaded in each well, electrophoretically separated on 8% SDS-PAGE gel, and transferred to PVDF membrane at 100 V for 1 hr. After blocking the membranes for 1 hr at room temperature with 7.5% non-fat dried milk in PBS/0.1% Tween 20 (PBS-T), they were incubated with the primary antibodies overnight at 4°. After extensive washes with PBS-T the blots were incubated with horseradish peroxidase-conjugated donkey anti-rabbit IgG (GE Healthcare Biosciences, Little Chalfont, Buckinghamshire, UK; dilution 1 : 4000), goat anti-mouse immunoglobulin, or rabbit anti-goatimmunoglobulin antibodies (both from Dako Cytomation, Fort Collins, CO, United States) for 1 hr at room temperature. After washing the membranes with balanced salt solution/0.5% Tween-20, they were developed with Amersham ECL Plus detection reagent (GE Healthcare Biosciences). For visualization, Amersham Hyperfilm ECL (GE Healthcare Biosciences) film was exposed to the developed membranes. The following antibodies were used as primary antibodies in immunoblotting: S12 supernatant (anti-LMP1), PE-2 (anti-EBNA2; Dako), NCL-EBV-CS1-4 (mouse anti-LMP1; Novocastra Laboratories, Newcastle upon Tyne, UK), OT1x ( 
Transmigration
Transwell culture was performed in duplicates on DLBCL cells using 5-lm-diameter pore filters (Transwell, 24-well plate; Costar, Cambridge, MA): 2.5 9 10 5 cells were resuspended in 100 ll RPMI-1640 medium supplemented with 1% fetal calf serum for Farage and Val and 10% for dnEBNA1-Farage, 2 mM glutamine, penicillin and streptomycin and thereafter loaded into the upper chamber of the Transwell filter. To examine the migration of the cells towards CXCL12 and CCL21, 600 ll medium containing 1 lg/ml of CXCL12 or 250 ng/ml of CCL21 (Peprotech) was added to the lower well and the plate was incubated at 37°for 4 hr. Thereafter, the migrated cells in the lower wells were collected, fixed with 200 ll 1% formaldehyde in PBS and counted in a FACScan flow cytometer for 60 seconds with high speed (Becton Dickinson).
Growth curve and cell viability measurement of EBV knockout experiment in dnEBNA1-Farage
Cells were washed with PBS four times and cultured in 5 ml of medium (1 9 10 5 /ml) with or without doxycycline. Every 5 days, the viable cell number was estimated by the Erythrosin B (Sigma-Aldrich) exclusion assay and the cultures were diluted 10 times by fresh medium. Cells were re-plated every 60 hr with fresh medium to maintain optimum growth. Viable cell numbers were calculated based on the expansion from the initial 19 10 5 /ml cells.
Apoptosis detection
FITC-conjugated Annexin V reagent (BD Pharmingen) was used to detect apoptosis according to the manufacturer's instructions.
Roscovitine treatment
Roscovitine (Calbiochem, San Diego, CA, United States) was dissolved in DMSO. Cells were cultured in 3 ml medium (2 9 10 5 /ml) with 3 lM Roscovitine or DMSO. Every 3 days, the viable cell number was estimated by the Erythrosin B (Sigma-Aldrich) exclusion assay and the cultures were diluted 10 times with fresh medium. Cells were re-plated every 3 days with fresh medium containing 3 lM Roscovitine or DMSO to maintain optimum growth. Viable cell numbers were calculated based on the expansion from the initial 29 10 5 /ml cells.
Results
Characterization of EBV-positive DLBCL lines
EBV gene expression in DLBCL cell lines
Five DLBCL lines were analysed for expression of three EBV-encoded, growth transformation-associated proteins (EBNA1, EBNA2 and LMP1) by Western blot. These proteins have a decisive role in the phenotype of EBVinfected cells. Farage (characterized in our previous paper 22 ) and DOHH2 expressed EBNA1, EBNA2 and LMP1, so demonstrating a latency III pattern. Val showed latency type II, expressing EBNA1 and LMP1 but not EBNA2. OPL2 cells expressed EBNA2 and LMP1 but not EBNA1 in line with published data that the virus is integrated into the genome. 28 OCI-Ly19 did 
not express any of the EBV-encoded proteins ( Fig. 1a and Table 1 ).
Cellular gene expression in DLBCL cell lines
To characterize the cellular phenotype, we mapped the expression of cellular genes involved in B-cell differentiation and/or B lymphoma development such as Bcl6, Bcl2, IRF4, Blimp1 and PAX5 (Fig. 1b) . Farage and Val both expressed Bcl2 and Bcl6, but were Blimp1 negative. DOHH2 and OPL2 expressed Bcl2, IRF4 and Blimp1a. DOHH2 expressed Bcl6 at a low level whereas OPL2 was negative. OCI-Ly19 expressed Blimp1b and a low level of Bcl6 but not IRF4. All lines expressed PAX5 (Fig. 1b) . The expression of Bcl6 shows that Farage, Val, DOHH2 and OCI-Ly19 adhere to the GC phenotype while Bcl6-negative OPL2 represent the ABC subtype.
The effect of IL-4 and IL-21 on LMP1 expression in EBV-positive DLBCL lines
Expression of LMP1 was mapped in the four EBV-positive DLBCL cell lines after IL-4 or IL-21 treatment for 3 days. LMP1 was up-regulated in EBV-positive DLBCL lines, but with less induction after IL-4 stimulation compared with that of IL-21 ( Fig. 2a,b) .
The effect of IL-4 and IL-21 on the modulation of EBV latent genes and cellular genes in Farage
As LMP1 and/or EBNA2 can be modulated by IL-4 or IL-21 treatment in EBV-positive DLBCL lines, we performed kinetic experiments to examine whether the effect of these cytokines in Farage is transient. LMP1 was up-regulated by day 3 and rose further until day 6 after both IL-4 and IL-21 treatment. EBNA1 and EBNA2 expression decreased significantly by day 3 and EBNA2 was further decreased on day 6 after IL-21 treatment (Fig. 3a) . Interleukin-21 has been shown to modulate IRF4, Bcl6 and Blimp1 in a type I BL cell line, Jijoye M13. 18 Therefore we studied the effect of IL-4 and IL-21 on the expression of these genes together with c-MYC in Farage. Both cytokines induced IRF4 with concomitant down-regulation of Bcl6. IL-4 showed a stronger effect than IL-21. Blimp1 protein was only detected in the IL-21-treated cells (Fig. 3b) . c-MYC was up-regulated 3 days after IL-21 treatment whereas IL-4 up-regulated c-MYC only after 6 days, but to a lower level compared with IL-21. The induction of Blimp1 and down-regulation of Bcl6 is in line with a switch from the GC to the ABC phenotype (Fig. 3b) . Kinetic experiments showed that the IL-4 and IL-21 effects on the EBV gene profile and on cellular genes are extended.
IL-4 and IL-21 treatment induced chemokine receptor modulation and receptor-mediated migration
The effect of IL-4 and IL-21 on chemokine receptor expression
Two chemokine receptors that play a role in B-cell migration and homing, CXCR4, and CCR7, were assayed in Val (type II) and Farage (type III). IL-4 and IL-21 induced different patterns of chemokine receptor expression. IL-4 did not induce CXCR4 expression in Farage but significantly up-regulated CCR7. In contrast, a significant up-regulation of CXCR4 and down-regulation of CCR7 was observed in IL-4-treated Val. IL-21 up-regulated both CXCR4 and CCR7 in Farage whereas it reduced CXCR4 and had no effect on CCR7 expression in Val (Fig. 4a) . As expected, LMP1 was up-regulated in both cell lines after IL-4 and IL-21 treatment. IL-21 treatment resulted in EBNA2 down-regulation in Farage whereas IL-4 did not induce any significant change of EBNA2 expression (Fig. 4c) . As a control, the modulation of LMP1 and EBNA2 were examined after IL-4 and IL-21 treatment (Fig. 4b) .
Modulation of cell migration by IL-4 and IL-21 in Farage and Val
Next we studied the effect of IL-4 and IL-21 on the chemotactic response. In Farage, IL-4 increased migration towards CCL21 (the ligand of CCR7) but not towards CXCL12 (the ligand of CXCR4); whereas in Val, IL-4 only induced increased migration to CXCL12.
Interleukin-21 induced a significant increase in chemotactic response to both CCL21 and CXCL12 in Farage. In Val the CCL21-induced chemotaxis was increased whereas the response to CXCL12 was weaker (Fig. 4b) .
EBV provides survival factors to EBV-positive DLBCL lines
Expression of EBNA1 was gradually down-regulated in dnEBNA1-Farage transfectant cultured without doxycycline during 20 days compared with the control cultured with doxycycline (Fig. 5a) . Following down-regulation of EBV encoded genes by dnEBNA1, elevated apoptosis could be detected at 10 days after doxycycline removal in dnEBNA1-Farage cells. The level of apoptosis further increased over time compared with the cells cultured with doxycycline (Fig. 5b,c) . The effect was correlated with a decrease of viable cells over time (Fig. 5d) .
To further study the role of EBV in EBV-positive DLBCLs, we treated EBV-positive DLBCL lines with Roscovitine to eliminate EBV. After 12 days of culture with 3 lM Roscovitine, EBNA1 and EBNA2 expression was down-regulated in Farage, Val and DOHH2 (Fig. 5e) . Cell proliferation was inhibited after Roscovitine treatment in the three EBV-positive DLBCL lines tested (Fig. 5f) . In contrast the proliferation did not decrease in the EBV-negative B-cell lymphoma line BJAB, the EBVnegative DLBCL line OCI-Ly19, and in the DLBCL line OPL2 with integrated EBV. In fact, a significant induction of cell growth was even seen in the Roscovitine-treated OCI-Ly19 cell line.
Down-regulation of EBNA1 in Farage resulted in decreased specific migration to CXCL12 and CCL21 induced by IL-4 or IL-21 treatment
As it was shown that EBV-encoded genes can modulate migration, 26, 27 we investigated the effect of down-regulation of EBNA1 on migration (Fig. 6a) . Treatment with IL-4 or IL-21 increased CXCR4 and CCR7 expression after the switch on of dnEBNA1 expression for 20 days (Fig. 6b) . However, this elevated chemokine receptor expression did not increase the specific migration. On the contrary, a decreased induction of migration was observed after IL-4 or IL-21 treatment in dnEBNA1-expressing cells compared with cells where dnEBNA1 was switched off (Fig. 6c) .
Discussion
In this study, we have characterized EBV status in five DLBCL lines for expression of EBV latency-associated genes and of some relevant cellular genes, mapping the phenotype and DLBCL subtyping. Unlike EBV-positive BL tumours, which only express EBNA1, EBV-positive DLBCLs can also express EBNA2 and LMP1, 5 consistent with latency type II or III patterns. We found both patterns in our cell lines, Farage being type III and Val being type II. In OPL2, the EBV genome is integrated in the host genome, 28 which might explain how it can maintain EBV genomes without EBNA1 expression, and with EBNA2 and LMP1 expression. DOHH2 was reported to be EBV negative 29 but we now show that it is EBV positive with a type III profile. Our results on EBV gene expression patterns conform with published data on the EBV status in DLBCL tumours. [5] [6] [7] Blimp1a orchestrates plasma cell differentiation by repressing GC-stage-related genes, while at the same time activating those programmes associated with plasma cell functions. In contrast, Blimp1b may counteract the ability of Blimp1a to drive plasma cell differentiation. Therefore, Farage, Val, DOHH2 and OCI-Ly19 showed a GC B-cell phenotype whereas OPL2 represents an atypical ABC phenotype, as PAX5 and the plasma cell differentiation marker, Blimp1a, were both expressed. In DLBCLs, Bcl6 expression and EBNA2 expression are usually inversely correlated. 30 However, Farage expressed both EBNA2 and Bcl6. This might relate to the low expression of EBV microRNAs in this cell as reported by Martin-Perez et al. 31 IRF4 and Bcl2 were also expressed, which are not normally expressed in GC B cells. The co-expression might be a result of Bcl2 chromosomal translocation or due to the transcription factor Miz1 that disrupts the Bcl6 suppression of Bcl2. 32 Expression of both Bcl2 and Bcl6 can be seen in Val and DOHH2 as well. OCI-Ly19 was Bcl6-positive, indicating a GC origin also of this cell.
LMP1 expression was up-regulated in the EBV-positive DLBCL lines by either IL-4 or IL-21. Due to the high level of LMP1 induced by IL-4 and IL-21, we pursued our experiments with the type III Farage cell line. LMP1 expression was demonstrated to be the most important marker for poor prognosis with short survival time compared with other tested molecular markers such as vascular endothelial growth factors A or C in DLBCLs. 33 Importantly, this IL-4-and IL-21-induced LMP1 expression might worsen the prognosis of EBV-positive DLBCLs. This is particularly worrisome as IL-21 has been suggested as a treatment option. 21, 34, 35 Interleukin-21 can induce human B-cell activation, differentiation and proliferation. 36 In both IL-4-treated and IL-21-treated Farage cells, LMP1 up-regulation was followed by an elevated level of IRF4 and down-regulation of Bcl6. This induction of IRF4 can be the result of the activation of nuclear factor-jB by LMP1, a CD40 mimic. 36, 37 IRF4 was shown to bind to the Bcl6 promoter and inhibit its expression. 37 It may be conjectured that IL-4-and IL-21-induced LMP1 could be responsible for the up-regulation of IRF4 and the down-regulation of Bcl6 expression. Additionally, in GC B-cell-like DLBCL, IL-4 was reported to down-regulate Bcl6 through induction of STAT6 whereas IL-21-mediated down-regulation of Bcl6 and up-regulation of IRF4 could be to the result of induction of STAT1 and STAT3. 38, 39 Given the recent finding that IRF4 plays an essential oncogenic role in ABC DLBCL, 40 the IL-4-and IL-21-induced IRF4 expression in EBV-positive DLBCL might contribute to adverse growth and survival of tumour cells in the patients. Blimp1a is the master regulator of plasma cell differentiation. 41 The induction of Blimp1a by IL-21 in the Farage cells indicated differentiation towards a plasma cell phenotype that is frequently associated with poor prognosis.
Recently, IL-21 was reported to induce apoptosis in DLBCL cell lines with unknown EBV carrier status through up-regulation of c-MYC. 21 In a recent study, we found that EBV counteracts IL-21-induced apoptosis in Farage, indicating an important role of EBV in DLBCL. 22 With the help of dnEBNA1, [13] [14] [15] 42, 43 it was shown that EBV blocks apoptosis and induces proliferation in EBVpositive BLs. 13, 14 Although the available data so far implicate EBV positivity as a potential predictor of worse prognosis in patients with DLBCL, 44 the role of EBV in DLBCL is far from understood. Using dnEBNA1 and Roscovitine, we eliminated EBV from EBV-positive DLBCL lines to dissect the role of the virus. This resulted in increased apoptosis. Furthermore, cell proliferation was inhibited, indicating that EBV contributes to sustain the growth of EBV-positive DLBCLs. This is also supported by decreased cell proliferation after 12 days of treatment with Roscovitine in Farage, Val and DOHH2. Unexpectedly, the same dose of Roscovitine treatment promoted the growth of the EBV-negative DLBCL line, OCI-Ly19, pointing to some off-target effects of the drug. Our findings speak for the use of small molecules targeting EBV genes as a future possibility in DLBCL treatment. Given the fact that EBV-positive individuals with DLBCL showed a poorer treatment response and worse prognosis compared with EBV-negative patients, [5] [6] [7] alternative therapies need to be developed for use in EBV-positive DLBCL.
Epstein-Barr virus modulated chemokine receptor expression in the DLBCL cell lines, in line with other observations on B cells. In the B lymphoma line BJAB, CXCR4 was down-regulated by LMP1 or EBNA2 45 whereas CCR7 was up-regulated by EBNA2 in the EBVnegative Burkitt lymphoma line BL41. 46 However, some established LMP+ BL lines express CXCR4 that may depend on other EBV proteins in contrast to EBNA2 or LMP1 transfectant, which express only one of the EBV proteins. 42, 45 Primary EBV infection of tonsillar B cells with expression of EBNA2 and LMP1 led to reduction in the expression of CXCR4 and CCR7. 26, 27 Immunohistochemical studies on chemokine receptor expression in DLBCL reveal that 15/16 expressed CXCR4 and 14/16 were positive for CXCR5. Only 3/15 had a low percentage of CCR7-positive cells and the rest were negative. 47 The EBV status of the DLBCLs in this study was not reported.
Our results show that EBNA2 down-regulation by IL-21 treatment of Farage may play a role in the increased CXCR4 expression and the ligand-induced migration. This is in line with a previous report on EBNA2-induced down-regulation of CXCR4. 45 After EBV suppression by dnEBNA1 in Farage, CXCL12-and CCL21-induced migration decreased, indicating that EBV may modulate chemotaxis upon cytokine treatment. Our results together with published data suggest that the chemokine-induced migration is due to the induction of LM 1 by IL-21, as seen in Farage and Val. IL-21 stimulation also induced CXCR4 and CCR7 expression in Farage, but there was no induction of these receptors in Val. However, the CCR7 receptor was functional as CCL21-induced migration. The level of migration may not depend directly on receptor density. For example, we previously found that CD40 + IL-4 treatment of primary tonsillar B cells increased the CXCL12-induced chemotactic response although the expression level of its receptor CXCR4 decreased.
26
CCR7 has been implicated to be involved in nodal dissemination and CXCL12, the ligand of CXCR4, promotes both tumour vasculature development and supports growth and metastasis in CXCR4-positive tumours. CXCR4 is also associated with bone marrow involvement of nodal lymphomas. 48 Recently, CXCR4 was suggested to be an independent prognostic marker in patients with DLBCL. 49 Furthermore, plasma cells home to bone marrow through the CXCR4-CXCL12 axis. 50 The IL-21-induced increase of CXCL12-mediated migration and Blimp1 expression in Farage may therefore promote plasma cell differentiation, homing to bone marrow and, as a consequence tentatively even lead to activation of EBV lytic cycle and virus production. 51 Interleukin-21 treatment of patients with DLBCL with EBV-carrying tumours may induce migration of tumour cells, so supporting metastatic spread. The mechanism would be increased CXCR4 expression with migration to vascularized areas where CXCL12 level is high. In a NOD/SCID mouse model CXCR4 neutralization before intravenous injection of the BL line Namalva lowered the tumour cell extravasation. Between 32 and 47% of the CXCR4-neutralized cells circulated 24 hr after intravenous injection whereas none was found in the control. 52 Recently, expression of CXCR4 has been shown to be an independent factor predicting poorer progression-free survival in GC B-cell-like DLBCLs due to CXCR4-associated chemotaxis. 53 Furthermore, induced CCR7-mediated migration may increase the nodal dissemination.
Our findings provide evidence for an impact of microenvironmental factors in EBV-carrying DLBCLs. Together with the role of EBV this should be considered in future therapeutic approaches.
